In this study we examined the expression of P2X 3 receptor in mouse embryos from E9.5 to E14.5 using immunohistochemistry. We found a uniform labeling in the developing trigeminal and dorsal root ganglia (DRG), while adult DRG and trigeminal ganglia expressed P2X 3 only in small-diameter neurons. In the brainstem, the mesencephalic trigeminal and facial motor nuclei were immunoreactive for P2X 3 . P2X 3 was also transiently expressed in the developing brain, and precursors of spinal motor neurons. We also detected immunolabeling in the paravertebral sympathetic chain ganglia, in the sympathoadrenal cells and in non-neural tissues including testis, epidermis, wall of the aorta, as well as in subepidermal structures and mesenchymal tissues of limbs, branchial arches and tail. q 2002 Elsevier Science Ireland Ltd. All rights reserved. 
Results and discussion
The P2X 3 receptor, a cation-selective channel gated by extracellular adenosine triphosphate (ATP), is localized in a subset of sensory neurons in adult rodents (Jahr and Jessel, 1983; Chen et al., 1995; Nörenberg and Illes, 2000) and in E16 rat embryos (Kidd et al., 1998; Cheung and Burnstock, 2002) . In this study we used immunohistochemistry to study the expression of this receptor during early stages of mouse organogenesis.
Central nervous system
At E9.5, P2X 3 immunostaining was seen in the hindbrain, midbrain, diencephalon and forebrain neuroectoderm (Fig.  1A,B) . We detected P2X 3 immunoreactivity (IR) in the marginal layer of diencephalon, midbrain and hindbrain at E10.5 (Fig. 1C) , which are probably projection fibers from cranial ganglia and not from cells located in the neuroectoderm. In the midbrain and hindbrain this staining remained throughout the entire examination period. A similar staining was seen in the marginal layer of the neural tube, in the alar plate and the basal plate in E10.5 and E11.5 embryos (Fig.  1D ,E, respectively). P2X 3 IR disappeared from both the marginal and the mantle layers of ventral horn (Fig. 1F3 ) by E14.5, but was retained in the dorsal horn (Fig. 1F2 ). P2X 3 expression in the facial motor nucleus ( Fig. 2A,B ) and the mesencephalic trigeminal nucleus (Fig. 2C,D) was observed from E11.5 and E10.5, respectively. A relatively faint P2X 3 labeling was found in the neural layer of the retina at E11.5 (not shown) and E14.5 (Fig. 2E1) and also in the optic nerve at E14.5 (Fig. 2E2) , which corresponds to the appearance of these structures during embryonic development (Kaufman and Bard, 1999) .
Peripheral nervous system
We detected P2X 3 expression in embryonic mouse dorsal root ganglia (DRG) (Figs. 1E and 3E) as early as E9.5, when the first DRG were formed. Between E9.5 and E14.5, P2X 3 expression appeared to be uniform in all DRG neurons. This is in contrast to adult DRG, where P2X 3 expression is restricted to a subpopulation of small-diameter neurons (not shown, but see Lewis et al., 1995) . We found that all cranial sensory ganglia and associated nerves exhibited strong IR for P2X 3 during the entire examination period. Accordingly, the trigeminal ganglia (TG, V) were immunoreactive for P2X 3 (Fig. 3C ) from E9.5 through E14.5, including ophtalmic, maxillary and mandibular branches. We also found a ubiquitous P2X 3 expression in embryonic TG neurons, while it was confined to specific small-diameter cells in adult TG. The facio-acoustic (VII-VIII) ganglion complex (Fig. 3B,C) and the glossopharyngeal-vagal (IX-X) complex are formed at E9.5 in the mouse embryo and were already P2X 3 positive at this early stage (not shown). Both inferior and superior ganglia of the latter complex were immunopositive for P2X 3 receptor, indicated by a strong fiber staining along the esophagus (Fig. 3D) . It is not known whether this pan-sensory expression of P2X 3 in the cranial ganglia is retained in the adult.
We found extensive neurofiber labeling scattered throughout the wall of blood vessels, stomach, intestine, liver and the lung (Fig. 4A-F) . We presume that these are viscerosensory fibers from vagal ganglia and from DRG, since sympathetic neurons exhibit only a very low level of P2X 3 expression at this embryonic stage (E14.5). It is unlikely that these fibers originate from enteric neurons, because we could not find immunolabeled cell bodies. We also detected strong P2X 3 IR from neuronal fibers in the follicles of vibrissae (Fig. 4G) .
We found P2X 3 IR in the sympathetic trunk as early as E10.5 (Fig. 5A) , i.e. with the first appearance of sympathetic neurons during embryonic development. At later stages (E14.5), IR became restricted to some sympathetic ganglia in the thoracic region of the sympathetic trunk, and significantly declined in intensity (Fig. 5B) . We could not detect any P2X 3 labeling in superior cervical ganglia and celiac ganglia of the prevertebral chain (Fig. 5C,D expression in these structures has been described in rat embryos at an equivalent developmental stage (Xiang et al., 1999) . We detected P2X 3 IR at E14.5 in the chromaffin cells in medullary part of the adrenal gland (Fig. 5E) , which are developmentally related to the sympathetic neurons.
Non-neuronal tissues
Pulvirenti et al. (2000) reported non-neuronal P2X 3 IR in endothelial cells of the aorta in adult rabbits. We observed strong IR for P2X 3 in the wall of the aorta at early (E10.5) embryonic stages (Fig. 5A1 ), but IR disappeared at E14.5. We found strong P2X 3 IR in the subepidermal region and in the underlying mesenchymal tissues of the branchial arches, limbs and tail in E9.5 embryos (Fig. 6A,B) . P2X 3 IR in these structures disappeared in later embryonic stages. Interestingly, we found that peripherin, a marker associated with Cfibers in the PNS (Lewis et al., 1995) , is also expressed in subepidermal P2X 3 positive cells (data not shown). P2X 3 labeling was also detected in the precursors of Leydigcells of the testis at E14.5 (Fig. 6C,D) . P2X 3 immunolabeling was seen in epidermal cells (Fig. 6E) throughout the entire examination period.
It is interesting to note that the P2X 3 expression patterns were not identical in rat and mouse embryos. Mouse embryos express P2X 3 in many tissues (neuroectoderm of the brain, the adrenal medulla, the testis, subepidermal and mesenchymal tissues of limb, tail and branchial arches at E9.5 embryos, and the wall of aorta) where no corresponding expression was found in the rat (Cheung and Burnstock, 2002) . Furthermore, the onset of P2X 3 expression seems to be different between these species (see Table 1 ). Our results show that the expression of P2X 3 protein is differentially regulated during the embryonic development. P2X 3 is a useful cell lineage marker for neural crest derived early sensory neurons, sympathetic neurons and the adrenal medulla cells. Fig. 5 . The sympathetic system. Strong IR for P2X 3 appears at E10.5 (A2) along the entire length of the paravertebral sympathetic chain. However, at E14.5-P2X 3 labeling is confined to thoracic ganglia (B1) and the intensity of the labeling is decreased. (C) P2X 3 IR is present in the inferior vagal ganglion (X) and absent in the sympathetic superior cervical ganglion. (D) VMAT labeling of an adjacent section shows a reverse labeling pattern. The medullary part of the adrenal gland is labeled by both P2X 3 (E); and MVMAT2 antibodies in non-adjacent sections (F) of an E14.5 embryo. Panels A, E and F show sagittal sections, while panels B, C and D show horizontal sections. Abbreviations: a: adrenal gland; cs, carotid sinus; da, dorsal aorta; dr, DRG; sp, spinal cord; j, joining of DRG and sympathetic fibers; sc, superior cervical sympathetic ganglion; and X, inferior ganglion of the X nerve. Scale bars: (A, B) 300 mm; (E) 250 mm; and (C, D, F) 200 mm. 
Materials and methods
Pregnant CD1 females were killed by exposure to CO 2 . Embryos were quickly removed, fixed in 4% paraformaldehyde, cryopreserved, frozen, and sectioned at 12 mm thickness on a cryostate. Adjacent sections were alternatively incubated with either the primary polyclonal rabbit antisera raised against P2X 3 (1 mg/ml; Oncogene, Darmstadt, Germany) or one of the following antisera: rabbit antimouse vesicular monoamine transporter (MVMAT2; courtesy of Dr Lee Eiden, NIMH, Bethesda, USA; Weihe and Eiden, 2001) ; rabbit anti-peripherin (Chemicon). MVMAT2 antibody is a marker for noradrenergic sympathetic neurons. For fluorescent immunohistochemistry we used secondary antibodies conjugated with Alexa Fluor 488 or 594 dyes (MoBiTec, Göttingen, Germany). For immunoperoxidase staining we used anti-rabbit antibody labeled with biotin, followed by incubation with avidin-biotin complex. For negative controls, we either omitted the primary anti-P2X 3 antibody or preadsorbed it with the peptide (VEKQSTDS-GAYSIGH) against which it was raised (Fig. 3E,F) . In transverse sections the dorsal part of the embryos always faces upwards, while in sagittal sections the rostral part of the embryos faces upwards. 
